The measurement and modeling of the dynamic power dissipation of a dual-input Chireix power amplifier driven by LTE modulated signals is reported to optimize its dynamic efficiency. Two memory cubic spline FIR and NARMA behavioral models are verified to accurately predict the measured instantaneous PA bias-current and power dissipation as a function of the PA RF output power.
| I N T R O D U C T I O N
The modulated signals associated with the long-term evolution advanced (LTE-A) standards are known to exhibit high peak to average power ratio (PAPR). Power amplifiers developed for modern LTE-A base stations are thus mostly operating around the average power level with infrequent operation around peak power levels. Special PA architectures such as the Doherty, 1, 2 Chireix, 3 and envelope tracking 4 are then used to provide a high power-efficiency at both peak and backoff power while maintaining a reasonably good linearity. In this study, a 17 Watts dual-input Chireix PA operating in class F and realized with two GaN high-electron-mobility transistors (HEMTs) is considered. The Chireix amplifier operation relies on the concept of outphasing to control the output power to obtain a high efficiency between the peak and backoff power levels. Under continuous wave (CW) operation, one can readily determine the optimal outphasing phase and input power needed at the inputs of the dual-input Chireix PA which results in an optimal efficiency operation for each output power level. However, under modulated operation, the PA is infrequently operating around the peak power levels, and self-heating and trapping in the GaN HEMTs will be reduced compared to CW peak power operation. Under such conditions, the optimal phase and power level required at the input may benefit from being reoptimized. In this work, a digital testbed is developed for the acquisition of the dynamic bias current to assist with the optimization of the Chireix PA controls for LTE-A modulated input signals. Two behavioral models are then developed to predict the measured PA dynamic bias current from the measured instantaneous PA RF output power and reveal the deterministic relationship between the time-varying power dissipation and the PA instantaneous RF output power for modulated signals.
| E X P E R I M E N T A L S Y S T E M
The digital system used for the Chireix PA measurements is shown in Figure 1 . In this testbed, the modulated signals x 1 t ð Þ and x 2 t ð Þ are emerging from the FPGA that is connected to a dual channel transmitter. The data signals are first frequency shifted by the same digital IF of 76.8 MHz using a dual 16-bit DAC's with a synchronization clock set at 307 MHz. The IF-to-RF up-conversion path uses an IQ modulator driven by a Local Oscillator (LO) operating at the frequency of 1.9232 GHz to generate the RF signal at 2 GHz using. The LO is provided by an Analog Signal Generator (MXG N5183A). The signals x 1 and x 2 emerging from the I/Q modulators are then applied to the dual-input Chireix PA via two similar driver branches. Each branch features a PA driver with a high gain around of 30 dB. At the feedback path, a receiver is used to digitize the down-converted signal using an I/Q demodulator operated at a sampling rate of 614 MHz. A digital oscilloscope (DPO7104) is also used for measuring the RF envelope and the PA baseband drain current. The dynamic bias currents of the PA are acquired using two Hall effect current probes placed inside and outside the PA biasing network as depicted in Figure 1A ,B, respectively. The probe current gain and DC offset as adjusted so that the probe current reading matches the quiescent (no RF applied) and average current (LTE-A applied) recorded from the power supply. A third channel is used to acquire the envelope waveform of the PA output using a diode detector (HP423B) for the purpose of synchronizing the scope and FPGA measurements. The oscilloscope is controlled through a USB-GPIB interface, and the biasing currents and envelope waveforms data are acquired using a MATLAB script. The setup is calibrated so that properly synchronized signals are applied to both PA inputs. For each output power, the outphasing phase and input power at the Chireix PA input signals are controlled using an LUT which provides a preliminary linearization. Under such conditions, the measurement of (1) the dynamic current waveforms and (2) the FPGA data (AM/AM and AM/PM) at the feedback path can be performed at the same time.
| Outphasing control operation for Chireix PA
To generate the LTE-A output signal y n ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi P out;max p with normalized envelope y n ð Þ5I n ð Þ1 jQ n ð Þ5jy n ð Þj exp j/ y n ð Þ Â Ã , the dual-input Chireix PA needs to be controlled by two modulated input RF signals with the following complex envelopes x 1 n ð Þ and x 2 n ð Þ:
with respective amplitudes:
and respective phases:
In the above formula, w t ð Þ P out ½ is the input referred outphasing phase difference w t ð Þ P out ½ 5/ 2 t ð Þ2/ 1 t ð ) and P inc;1 P out ½ , P inc;2 P out ½ are the incident powers applied at the Chireix PA inputs 1 and 2. Their functional dependences on the targeted output power P out n ð Þ5P out;max jy n ð Þj 2 have been predetermined from CW testing on the Chireix PA. If memory effects were negligible, the Chireix PA operated under modulated signal would then perform as under CW operation and yield the instantaneously CW output power and efficiency. For this CW-like operation setting, the proper amplitude jx i t ð Þj and phase / i t ð Þ for the signals x 1 t ð Þ and x 2 t ð Þ is critical to achieve the desired Chireix current combining y n ð Þ 5y 1 n ð Þ1y 2 n ð Þ at the PA output as shown in Figure 2 . Thus, before driving the Chireix PA, a phase, power, and group delay calibration is performed for the two driver branches so that properly synchronized signals are applied to both inputs of the PA. An average power level of 20 dBm is targeted for P inc;1 and P inc;2 to operate the Chireix PA device being tested. The amplitude and phase calibration is obtained by determining the phase / 2 2/ 1 5/ max , gain G max 5jx 2 =x 1 j and delay n max which yield a peak output power when the two signals add constructively when combined together with a power combiner. The error correction after the calibration is then simply performed using:
| E X P E R I M E N T A L R E S U L T S
The power spectra obtained for the DC current probe and RF output power for a 1 MHz and 10 MHz LTE signal are shown in Figure 3A ,B, respectively. The probe placed in the middle of the biasing network is used as this location provides the widest bandwidth for recording the dynamic variation of the bias current while not affecting the PA operation.
Note that the voltage fluctuations of the 24 V supply voltage at that point remains themselves below 2 mV and their contribution to the dynamic power dissipation is negligible. The center peak in the power spectra is associated with the average PA power dissipation. As expected, the power spectra of the bias currents I DC exhibits twice the bandwidth of the output signal y (LTE-A) as the fluctuation of the PA current around the average current is approximately proportional to the normalized output power jy n ð Þj 2 . Using the measured PA bias current, the instantaneous drain efficiency can be evaluated using:
with V DD the power supply, P out n ð Þ5P out;max jy n ð Þj 2 the PA RF output and y n ð Þ the normalized complex envelope of the PA RF output. The instantaneous drain efficiency calculated with (5) using the measured bias current is shown in Figure  4 . The Chireix PA efficiency determined from CW measurements with a large-signal network analyzer is also plotted as a reference (black dotted line). The instantaneous drain efficiencies are verified to correlate well with the CW efficiency for power level below the backoff level (5 W). A large deviation is obtained for peak power levels above the backoff level and the instantaneous drain efficiency measured using the power dissipation in the middle of the biasing network is shown to exceed temporarily 100%. This behavior is to be expected for an instantaneous drain efficiency. As shown in Figure 5 , the bias current measured in the middle of the biasing network is lagging behind the expected instantaneous bias current (black line) estimated from CW measurements for each output power P out n ð Þ. This is due to the biasing network capacitors between the current probe and the PA which will initially supply the transient power needed by the PA for RF peaks of short durations. This lag between the measured supply current and the actual PA bias current dissipated is at the origin of the instantaneous drain efficiency being larger than 100% during those brief RF peaks. The average efficiency (purple line) calculated from the average RF power, average supply current and average supply voltage remains itself at a nominal value below 100%.
| PA biasing current modeling
To gain further insights in the instantaneous power dissipation of the Chireix PA, a behavioral model I DC;mod for the prediction of the measured bias current I DC;meas is developed next. This model is used for input the normalized output RF power P out =P out;max 5jyj 2 . To account effectively for the PA nonlinearities, both (1) a memory spline model like in Ref.
[5] H m 50 ð Þ and (2) a NARMA model H m 6 ¼ 0 ð Þ like in Ref. [6] , are implemented:
where y n ð Þ denotes the received RF signal and m the memory depth. The gain factors G m x ð Þ and H m x ð Þ are expanded in terms of 1D cubic-spline basis functions as follow:
where a j and b j are the coefficients of the jth spline expansion, and the B j x ð Þ function the C-spline basis as defined in Ref. [5] . This approach differs from the one taken in Ref. [7] , where a linear filter was used to predict the measured bias current from the expected bias current.
Instead the instantaneous DC power dissipated by the PA is now predicted using a nonlinear model directly from the measured instantaneous PA output RF power. The accuracy for the modeling prediction of the probe waveform current is measured by the normalized mean square error (NMSE) figure of merit given by: NMSE mod n ð Þ510 Á log 10 P N21 n50 jI DC;mod n ð Þ2I DC;meas n ð Þj 2 P N21 n50 jI DC;meas n ð Þj 2 where I DC;meas n ð Þ and I DC;mod n ð Þ are the measured and modeled bias current waveforms, respectively.
The resulting NMSE are shown in Table 1 was acquired by the experimental testbed. A fraction of the data (1/6) was used for the model extraction and the rest of the data (5/6) is used for the model prediction. A memory depth M ð Þ of 60 is required at 1 MHz to model the biasing network whereas 30 is sufficient at 10 MHz. J55 is used in Equation 7 for the number of spline basis but good results are also obtained with J53.
As indicated in Table 1 , a good prediction of the PA bias current is seen to be obtained from the MC-S model for both the 1 MHz and 10 MHz LTE-A signals. The MC-S model has the advantage over the NARMA model of not using the previously measured samples of the bias current. The NMSE for the MC-S and NARMA models degrades only by less than 2 dB and 0.5 dB, respectively, for the prediction. This indicates that little overfitting is performed by the models yielding a more reliable model. Note that the models are also more accurate for the wider bandwidth LTE-A signal. This is certainly due to the fact that the low-frequency memoryeffects associated with the biasing network and the PA selfheating respond mostly to low frequency variations (below 1 MHz) and that for wider bandwidth signals the power spectral component of the current is seen in Figure 3 to be reduced by about 20 dB for 10 MHz LTE-A compared to 1 MHz LTE-A. The instantaneous drain efficiency predicted using in (5) the NARMA model I DC;mod n ð Þ (red dots) instead of I DC;meas n ð Þ (blue circles) are shown to be in good agreement in Figure 4 .
Similarly, the instantaneous bias current predicted by the MC-S model and plotted using red dots in Figure 5 is also seen to predict well the measured bias current (blue lines). An even better fit (not shown) is obtained using the NARMA model. The power spectral density of the current predicted by the MC-S (a) and NARMA (b) models are shown in Figure 3 to be in good agreement with the power spectral density of the measured bias current for 1 MHz and 10 MHz, respectively. This demonstrates that the measured power dissipation is well correlated to the measured RF power generated by the PA. The instantaneous power dissipation measured using a current probe inside the bias network provides thus a wellbehaved image of the transfer of power from the biasing network to the RF output of the Chireix PA.
It is found that the energy storage inside the PA bias tee leads to the supply current slightly lagging behind the RF signal envelop. Because of this energy storage in the PA, the calculated instantaneous efficiency will become briefly larger than 100% during the brief periods of peak power operation. However, the average PA efficiency calculated from the average measured dynamic bias current and RF power always remains at the expected average value.
| C O N C L U S I O N
In this article, a testbed is reported for the characterization of the dynamic power dissipation of a Chireix PA operated with LTE-A signals of various bandwidth. The time-varying bias current, bias voltage, and output RF power delivered are measured and the instantaneous drain efficiency calculated.
The behavioral models developed demonstrate the deterministic correlation between the measured bias current and the measured RF power generated by the PA.
The modeling of the supply terminal impedance of PAs has already been investigated in the case of envelope tracking PAs 8 to assist with their control but is characterized here for the first time for a dual-input Chireix PA. The two models which rely on a NARMA model predicts the instantaneous PA bias current with a NMSE of 52.1 dB in modeling and 251.6 dB in prediction for a 10 MHz LTE-A signal. The measurement of the dynamic bias current and the estimation of the instantaneous drain efficiency provides useful feedbacks to monitor the instantaneous drain efficiency achieved by the Chireix PA operation which can then in turns be used to optimize its controls w P out ½ , P inc;1 P out ½ and P inc;2 P out ½ in dynamic operation for the purpose of maximizing the PA peak and average drain efficiencies. 
Abstract
The functionality of a dual-band frequency-reconfigurable antenna based on a microstrip patch is extended toward independent tuning of its two operational bands. The antenna has distinct monopolar and broadside radiation patterns at its lower and upper bands, respectively, and a previous realization only allowed simultaneous tuning of the two bands. In this paper, a more sophisticated bias scheme with two DC bias voltages and four varactors is introduced to extend the principle toward independent control of the resonance frequencies of the two bands. An antenna prototype has been designed, fabricated, and validated with experiments. The results demonstrate that the antenna achieves independent relative tuning ranges of about 11% at both frequency bands.
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| I N T R O D U C T I O N
In research on reconfigurable antennas, dual-band radiators have been investigated to take advantage of their capability to operate in different channels simultaneously. In the early stage of development, Behdad and Sarabandi 1 proposed a dual-band slot antenna with independent frequency-re configurability achieved by folding one end of a slot and adding varactors at appropriate positions. More recently, using miniaturized substrate-integrated waveguide (SIW), Kang and Lim 2 designed a dual-band antenna with frequencyreconfigurability at a single band while the resonance frequency at the other band is fixed. As an improvement, Ge et al. 3 proposed a stacked-patch antenna with independent control of both operating bands. Those aforementioned antennas exhibit broadside radiation patterns at both frequency bands. Compact dual-band reconfigurable antennas have also been proposed in refs. [4, 5] , which targets mobile phone application with omni-directional patterns.
In this letter, we extend the reconfiguration principle of a simple dual-band antenna design to achieve independent frequency-reconfigurability at both bands. As relevant difference from other dual-band reconfigurable antennas, 1-5 the lower band operates with monopole-like pattern while the upper band exhibits a broadside pattern. This feature can make the antenna useful in targeting different applications simultaneously. The proposed antenna is an evolution of a reconfigurable centered-shorted microstrip patch, 6 which was shown to operate at two distinct radiating modes. This letter adds independent frequency tunability for both bands. To
